Abstract Although intracoronary ultrasonography allows detailed tomographic imaging of the arterial wall, it fails to provide data on the structural architecture and longitudinal extent of arterial disease. This information is essential for decision making during therapeutic interventions. analysis is increasingly recognized. Consequently, three-dimensional imaging is being rapidly implemented in the catheterization laboratories for guidance of intracoronary interventions and detailed assessment of their results. However exciting the prospects may be, three-dimensional reconstructions at present remain partially artificial because the true spatial position of the imaging catheter tip is not recorded, and shifts in its location and curves of the arterial lumen result in pseudoreconstructions rather than true reconstructions. In this report, we address the principles of three-dimensional reconstruction with a critical review of its limitations. Potential solutions for refinement of this exciting imaging modality are presented. (Circulation. 1994;90:1044-1055 Key Words * ultrasonics * tomography * imaging the different approaches to three-dimensional reconstruction and discuss the initial clinical results and potential problems.
Although the experienced medical mind is capable of three-dimensional conceptualization of complex structural morphology and pathology, objective computerized three-dimensional reconstructions would facilitate both qualitative and quantitative analysis and enhance our diagnostic capabilities. Intracoronary ultrasound provides tomographic images of the arterial lumen and wall components that are displayed in a sequential fashion on the monitor screen. Conceptualization of the spatial relations of these components and their pathology requires repeated review of the recorded tomographic images. Computerized three-dimensional reconstruction allows the display of these tomographic images in their longitudinal relation to the proximal and distal segments and provides an objective spatial picture and a potential gateway to quantification. Other clinical advantages are a better understanding of the pathoanatomy of the vessel wall and the application of new parameters of wall dynamics, both of which may help in guiding intracoronary interventions. Recently, real-time three-dimensional reconstruction algorithms have become available for on-line routine clinical use and allow the arterial segment to be viewed in sagittal and cylindrical display formats. In this report, we review the different approaches to three-dimensional reconstruction and discuss the initial clinical results and potential problems.
Three-dimensional Reconstruction Techniques
Three-dimensional reconstruction requires a series of sequential steps: image acquisition, image digitization and segmentation, and three-dimensional reconstruction and display (Table 1) . Image Acquisition A sequence of cross-sectional images of a coronary segment must be correctly sampled so that the relation of the successive images to one another is known. After digitization of the cross-sectional images, the coronary segment can be reconstructed in three-dimensional space by applying the selected algorithm and is then displayed on the monitor screen, resulting as a volumetric image with dimensions in the X, Y, and Z planes. The most critical step is the correct acquisition of the sequence of the cross-sectional images, with their optimal gray scale. Two techniques can be used: (1) a continuous pullback at a known rate along the examined coronary segment by the use of motorized systems to achieve a uniform speed' and (2) a sequential acquisition of adjacent cross sections, interspaced by constant intervals by a displacement sensor2,3 (Fig 1) . The ultrasound imaging catheter is introduced through a small, sterile, disposable sensing unit. The movement of the catheter activates a rotating wheel that converts the linear movement into an electronic pulse train signal so that advancement or withdrawal of the catheter is precisely digitized and wirelessly Step 1 Image acquisition Step 2 Image digitization and segmentation
Step 3 Three-dimensional reconstruction
Step 4 Display and analysis registered by a sterilizable unit to which the sensing unit is mounted. The relative distance is mixed in the display of the corresponding cross section on the monitor screen to provide real-time position information. A built-in interface allows direct connection of this device to a computer system to enable three-dimensional reconstruction. By reading digital position data from a displacement sensor, a set of echographic slices can be automatically acquired at a desired increment (minimum interval: 0.1 mm). Image Digitization and Segmentation The sampled cross-sectional images are stored into a digital format using a small-pixel matrix of at least 512x512 for optimal resolution and 8-bit gray scale to preserve high definition of the image. It should be realized that a trade-off always exists between the resolution of the image and the speed of computer processing. Image segmentation is the next necessary (Fig 2) . The specific advantages of each of these formats are presented in For each frame, the edge strength of both the lumen border and media is calculated separately in all resampled pixels and used to define the optimal contours through the data representing the strength of the edges (Fig 3) . This method has been validated in vitro5 and in vivo6 and has been successfully used for automatic assessment of systolic and diastolic changes of lumen cross-sectional area. Three-dimensional Reconstruction The voxel modeling method is applied to three-dimensionally reconstruct the lumen and plaque, including the detected contours. 7 To visualize a three-dimensional object on a monitor screen, the reconstructed artery must be projected to a two-dimensional space by a rendering procedure. Three elements can be calculated from the voxel model: (1) the distance of the voxel element, (2) the gradient vector of the voxel surface, and (3) the original gray texture. Combining these three elements in the shading process enables visualization of the depth and orientation of the arterial object and the original echo intensity. geometry because of the straight catheter line display. Indeed, shifts in catheter position in the lumen or angulation of the lumen during the acquisition are not accounted for by presently available reconstruction systems (Fig 6) .
Display Formats
When the three-dimensional reconstruction process is complete, various modalities of display are possible, including derived two-dimensional images (transverse, sagittal, and oblique views) and true three-dimensional images (cylindrical-both closed-and open-shell format-and luminal cast formats) (Fig 2) . While each provides a unique view of the lumen and mural components, their combination is often required to convey a comprehensive perspective. In particular, the linking of sagittal with cross-sectional (two-dimensional) views offers an oriented landscape for both quantitative and qualitative analysis, which can be exploited to overcome device-related echo drop-out. Cylindrical images are the most effective display format for qualitative examination of the vessel wall, providing a panorama of the longitudinal relation of complex dissections and ensuring optimal deployment of stents. While luminal casts provide a unique perspective on the physiological end point of advanced atherosclerosis -a three-dimensional view of luminal encroachments-the value of this display format will remain limited until techniques for spatial correction for catheter displacement have been mastered.
Observer Interaction
The degree of observer interaction and influence of the final image varies according to the algorithm deployed for three-dimensional reconstruction (see Table  2 ). With the simpler algorithms (wire mesh and binary), less user interaction is required, and the analysis should become more reproducible and objective. With the gray scale algorithm, preservation of the original echographic information enabling differentiation of the individual mural components can be achieved by the experienced operator. Algorithms for automated blood speckle subtraction are currently under development, such as shown in Fig 3. However, the reliability of automated edge detection will be dependent on the image characteristics and the gray scale threshold selected by the operator.
Quantitative Analysis A potential advantage of the voxel modeling is that each voxel is directly related to the volume element of the three-dimensional object. Appropriate segmentation algorithms would allow calculation of volume and quantification of lesion distribution longitudinally. However, the plaque-media interface can only be detected automatically in images of optimal quality and with minimal disease. Therefore, manual interaction for plaque-media border identification is necessary in most instances, which is a tedious and a time-consuming procedure. (Fig 8) . Three-dimensional reconstruction of branching points presents a particular challenge for three-dimensional reconstruction techniques, as the side branches cannot be tracked very far because of the limited depth of the echo penetration. However, plaque accumulation at branching points (where atherosclerosis is often most pronounced) can be detected easily in the reconstructed image, and the position of side branches can be an important landmark to obtain consistent focal acquisitions in serial examinations. Noncoaxial positioning of the catheter tip in a bending lumen will overestimate the cross-sectional area of the lumen. The systematic overestimation of lumen diameter or area by ultrasound compared with angiography in most studies may be partially explained by this phenomenon.9 Another factor is cardiac motion during the cardiac cycle, which may cause shifts in catheter position in the lumen ( Fig  6) ; therefore, ECG-gated acquisition of the images should be considered when large-sized coronary arteries are studied. Structure shadowing by the guide wire artifact present in some catheter systems can mask a sector of 300 of the arterial segment (Fig 10) . Catheters must be designed so that no artifacts are present in the image. Another critical factor concerns the correct acquisition of the spatial sequence of cross-sectional images. A fixed distance between adjacent cross sections is mandatory but difficult to achieve even with sophisticated means such as a motorized pullback or a displacement-sensing device. Bends in the ultrasound catheter may induce differences between movement of the tip and that of the proximal end of the catheter. Another potential source of error is the rotation of the catheter during pullback, causing a longitudinal mismatch between the orientation of sequential images.
Curvatures of the vessel lumen or catheter may also induce a predictable distortion of the three-dimensional image that is reconstructed along a straight line connecting successive cross sections (Fig 9) . As a result, expansion or compression of plaques may occur, leading to overestimation or underestimation of the volumes measured from the reconstructed image. While spatial location systems for the catheter tip are not commercially available at present, reconstruction of the spatial pathway of the ultrasound catheter tip during image acquisition by biplane fluoroscopy may be feasible in the near future. Recent experimental and clinical validation studies of such spatially correct three-dimensional reconstruction using biplane digital cinefluoroscopy indicate that the reliability of coronary measurements can be significantly improved by radiographic spatial correction with less than 4 minutes' additional patient study time.'0
The use of a miniaturized receiving antenna located at the tip of the ultrasound catheter combined with external electromagnetic radiating antennas in planes perpendicular to the catheter axis has also been proposed as a possible method to detect the orientation of the ultrasound catheter." These approaches may allow the reconstruction of the pathway of the catheter during a pullback in three-dimensional space and be combined with the three-dimensional reconstruction algorithm.
The Dotter effect of the first generation of intracoronary imaging catheters presents a significant problem in the examination of stenoses and small vessels. The possibility of stenosis modification should be borne in mind in the analysis of luminal diameters of <1.6 mm. The problem of Dotter effect from these catheters is not limited to quantification of the true lumen: in a study using 4.8F and 3.5F catheters, intracoronary ultrasound failed to detect 15% of dissections after balloon angioplasty. ' However, it appears that despite all these potential problems, intracoronary ultrasound is superior to angiography for the qualitative assessment of atherosclerosis and offers the unique potential for its quantification in the future. It is likely that it will become the gold standard in the assessment of peripheral and coronary arterial pathology (Figs 4 and 10) .
Clinical Experience Assessment of Lumen and Plaque Volumes
While three-dimensional reconstruction plays a valuable role in all of the clinical applications listed in Table  5 cological or dietary interventions'6'17 and the effect of physical and mechanical interventions. Galli et al'8 compared the measurements of plaque volume based on the planimetry of consecutive cross sections at a fixed interval with the measurements obtained with a direct three-dimensional reconstruction with the true plaque volume of a vessel phantom. Plaque volumes measured with three-dimensional reconstruction overestimated the true plaque volume of the phantom, whereas accurate measurements were obtained from direct planimetry of the echographic cross sections. Detailed information on saphenous vein graft aneurysm structure was recently published providing clues on its development.'9
Assessment of Interventions
Intracoronary ultrasound has the potential to quantify plaque composition as well as dimensions. Such information is of value in the selection of the type and size of an interventional device and the guidance of the interventional procedure itself. Calcification of the target coronary lesion has been reported in 76% to 83% of the patients undergoing coronary angioplasty.20,2' A higher incidence and an increased depth and circumferential extension of the dissection after balloon dilatation have been reported in calcified when compared with noncalcified plaques.2'-23 In the presence of diffuse subendothelial calcifications, a higher incidence of complications and a smaller amount of retrievable material was observed after directional coronary atherectomy.2
Only with three-dimensional intravascular ultrasound, however, the longitudinal and radial extension depth of the calcific plaque components can be assessed along the entire segment to be dilated.
Intravascular ultrasound has been used before and after interventions to identify the mechanism of balloon dilatation. Wall stretching and wall dissection have been reported as the main operative mechanism of balloon angioplasty in coronary24,25 and peripheral arteries.26 A significant plaque compression (absolute reduction of plaque area) has been reported more recently.27 A possible reason of these discrepancies is the unavoidable difference in the examined arterial cross section before and after interventions. The measurement of plaque volume after three-dimensional reconstruction along the entire dilated segment can provide a more Fig 4B) . In each of these, the blood-intima and plaque-media borders can be traced manually. Interpolation of the structure boundaries at each cross-sectional plane allows the calculation of the plaque volume (Vp) in the reconstructed segment. reliable assessment of the plaque changes brought about by the dilation process.
Pathology studies have shown that diffuse plaque disruption is one of the predominant mechanisms of lumen enlargement after balloon angioplasty.Y3 In the presence of complex intraluminal flaps, angiography shows the presence of filling defects in a minority of cases. Intravascular ultrasound is more sensitive than angiography in the detection of intraluminal flaps after coronary interventions.29 32 The standard cross-sectional display, however, does not show the longitudinal three-dimensional reconstruction allows the measurements of longitudinal and radial dimensions of these poorly radiopaque vascular prostheses. 39 The normal appearance of the stent in contact with the vessel wall has been described and defined as a "cobblestoned" appearance. The technique has been shown to facilitate the detection of an incomplete expansion of the stent. Segments with an incomplete apposition between stent and vessel wall, a condition with increased risk of acute thrombosis, are more easily identified.
Intravascular ultrasound has been reported as a clinically useful tool in the guidance and assessment of the 
Future Directions
Three-dimensional reconstruction of intravascular ultrasound images has great potential for the quantitation of volumetric changes of lumen and atherosclerotic plaque. This opens horizons for studying the natural history of atherosclerosis and will become the principal method to study the progression and regression of atherosclerosis in the future. Longitudinal views show the coronary segment architecture currently unavailable from the original tomographic images and multiple orthogonal views not available from angiography. Realtime intracoronary ultrasound images can be combined with guide wire high fidelity pressure and flow velocity recordings and will allow detailed studies of coronary physiology and physical properties of the vessel wall. Clearly, including longer arterial segments from threedimensional reconstructions would further improve the reliability of results. Recent developments in on-line reconstruction combined with complex computer algorithms, which calculate the stress distribution in a plaque on the basis of its composition and spatial architecture, may guide interventional device selection and predict both the results and likelihood of complications. 44 
Conclusions
Intracoronary ultrasonic imaging provides unique tomographic images of luminal morphology and mural pathology. By virtue of the complex spatial distribution of arterial atherosclerotic disease, a three-dimensional display format is mandatory for comprehensive assessment. This is of particular value in the guidance of therapeutic interventions and assessment of both the immediate and long-term results. Recent developments in computer technology have significantly increased the practicality of three-dimensional intracoronary ultrasound, which now is rapidly becoming an integral component of interventional procedures in the catheterization laboratory. However, many persistent limitations must be solved before it can be implemented as a reliable tool for clinical decision making.
